Mouse models of antibiotic-induced ablation of the intestinal microbiome have been used to study the microbiome in health and disease. The fecal microbiomes of mice treated with broad-spectrum antibiotics while being fed different laboratory chows were analyzed by Gram stain, quantitative flow cytometry, bacterial cell culture, next generation sequencing of the V3 regions of the 16S ribosomal RNA (rRNA) gene, microscopy, and sequence analysis of the tuf gene. Noncultivatable gram-positive cocci and cultivatable yeast were the microorganisms most readily detected in feces of antibiotic-treated mice fed a defined diet that utilizes casein as a protein source, maltodextrin 10 and sucrose as sources of carbohydrates, and lard as the major source of fat. High-throughput sequencing of the variable regions of the 16S rRNA gene and tuf gene sequencing identified the major bacterial phylotype as Lactococcus. The mouse chow was heavily laden with noncultivatable Lactococcus, which dominated the intestinal flora after consumption. The microbiome of antibiotic-treated mice fed a grain-based diet (mainly wheat, corn and alfalfa) consisted predominantly of a member of the Enterobacteriaceae identified as Escherichia coli, and yeast was not detected by culture or Gram stain. Appearance of intestinal yeast by culture and Gram stain was dependent on the specific chow, although yeast was not detected by culture or Gram stain in the chow. We conclude that bacteria found in food sources can influence qualitative and quantitative assessments of the fecal microbiome, at least in the 
Introduction
The intestinal microbiome has been identified as a key player in several processes that impact metabolic, nutritional, physiologic and immunologic health [1] . A variety of factors play a role in establishing and maintaining the gut microbiome including age, diet, health, geographic location and genetics [2] - [8] .
Dysbiosis within microbiomes has been linked to certain diseases including cancer, obesity, diabetes, atherosclerosis and inflammatory bowel disease [9] [10] .
Murine models of intestinal microbiome disruption are often used to assess the role of normal microbial flora during disease processes. Antibiotics are typically administered either through drinking water or by oral gavages, and are used to selectively target groups of bacteria. Numerous cocktails of antibiotics have been used to either ablate the gut flora of mice or target certain genera of bacteria [11] - [17] .
The present study was undertaken to examine the role of diet in affecting the intestinal microbiome; particularly in the context of antibiotic-induced perturbations in an intestinal ecosystem. We performed quantitative flow cytometric analyses in comparison to previously reported studies that relied on culture methods [17] [18] or qPCR [12] [19] [20] to quantify perturbation of the microbiome. We found and resolved inconsistencies in assays to quantify the numbers of bacteria remaining after antibiotic-induced ablation, and determined that one type of rodent chow contains high numbers of dead Lactococcus, which can affect quantitative analyses and might influence the growth of viable microorganisms in the intestine.
Materials and Methods

Mice
Female C57BL/6 mice, aged 6 weeks old were obtained from The Jackson Laboratory (Bar Harbor, ME) and used under approved protocol number 12- 
Antibiotics
Vancomycin (0.5 mg/mL), ampicillin (1.0 mg/mL), metronidazole (1.0 mg/mL) and neomycin (1.0 mg/mL) were dissolved into filtered (0.22 m), sterile water and delivered to mice in light-protected water bottles. All antibiotics were purchased from Sigma Aldrich (St Louis, MO). The commercially available sweetener Equal (Merisant, Chicago, IL) was also added to the antibiotic containing water (3.75 mg/mL) to make the water palatable for the mice. The antibiotic water was made fresh every 48 hours; however, based on minimum inhibitory concentration assays against a laboratory strain of E. coli, it was determined that ampicillin lost 90% of its efficacy within 24 hours in solution.
Sample Collection and Processing
Fecal Pellets
Fresh fecal pellets were collected aseptically, weighed and emulsified in 1 mL of sterile water using a Pellet Pestle Motor from Kimble Chase Kontes (Vineland, NJ). Samples were then centrifuged at 800 × g for 1 minute to remove fecal debris. Five hundred µL of the supernatants were diluted in 500 µL of sterile water for further analysis.
Mouse Chow
Mouse chow fragments (~50 mg in size) were ground into powder, transferred into 1000 µL of filtered sterile water, and vortexed for 30 seconds. The sample were centrifuged at 10,000 × g for 1 minute, pellets were re-suspended in 1000 µL of filtered sterile water, and centrifuged at 800 × g for 1 minute. The supernatant was transferred to a fresh microcentrifuge tube and centrifuged at 10,000 × g for 1 minute. Pellets were resuspended in 100 µL of filtered sterile water for Gram stain. was used to analyze the flow cytometry data. Fresh fecal pellets were collected aseptically, weighed, and emulsified in 1 mL of sterile water using a Pellet Pestle
Flow Cytometric Detection and Quantification of Fecal Bacteria
Motor from Kimble Chase Kontes (Vineland, NJ). Samples were then centrifuged at 800 × g for 1 minute to remove fecal debris. Five hundred µL of the supernatants were diluted in 500 µL of sterile water for further analysis.
Microscopy
Suspensions from fecal pellets were diluted in sterile 0.85% NaCl, and either 1 µL of BacLight Red bacterial stain (Invitrogen, Grand Island, NY, USA) or 1 L of SYTO 9 stain (Invitrogen, Grand Island, NY, USA) was added and incubated for 15 minutes at room temperature in the dark. Stained samples were mounted on glass microscope slides with 1 drop of ProLong Gold (Invitrogen, Grand Island, NY, USA) and cover slipped. The slides were incubated for 24 hours at room temperature in the dark and were examined by confocal microscopy.
For electron microscopy, samples were prepared as described above and then dehydrated through an ascending alcohol series. One hundred μL were placed on corresponding stubs, and then stubs were incubated for 12 hours in sterile Petri dishes to allow for evaporation. The samples were then sputter-coated with gold at a thickness of 3 nm and imaged on a Jeol SEM system (JSM-6610LV; JEOL Ltd., Tokyo, Japan). Acceleration voltage of the SEM was 15 kV.
DNA Purification and Amplification for 16S Sequencing
Bacterial DNA was isolated from fecal pellets using a QIAamp DNA Stool Mini
Kit from Qiagen (Valencia, CA, USA) following the manufacturer's instructions and stored at −20˚C. The PCR primer sequences, the conditions for amplification of the V3 region of the 16S ribosomal RNA gene, and the multiplexed DNA sequencing strategy were as described [21] The amplicon of the V3 region ranged from 296 to 327 base pairs, of which 160 base pairs were the primers.
PCR Amplification with Genus Specific Primers
Bacterial DNA was amplified with Lactococcus or Enterococcus-specific primers using the following conditions: 95˚C for 6 minutes denature; 95˚C for 2 minutes, 50˚C for 2 minutes, 72˚C for 2 minutes 20 cycles; 72˚C for 4 minutes extend. to 100 ng DNA in a total volume of 50 μL. Sequences for the Lactococcusspecific primers were as follows: forward primer-(5'-GTACTTGTACCGACTG-GAT-3'), reverse primer-(5'-GGGATCATCTTTGAGTGAT-3') [22] . Sequences for Enterococcus-specific primers were as follows: forward primer-(5'-TACTGACAAACCATTCATGATG-3'), reverse primer-(5'-AACTTCGTCA-CCAACGCGAAC-3') [23] . Sanger sequencing was performed by the Molecular
Medicine Core Facility at West Virginia University.
Illumina HiSeq High Throughput Sequencing
Ribosomal 
HiSeq Data Processing
Sequence files were initially processed by removing sequences corresponding to linkers and primers by automated batch processing using scripts written inhouse. In an effort to reduce artifacts generated by sequencing errors, a strict quality filtering protocol was employed as previously described [24] . Scripts written in-house in Biopython were used to convert the filtered Illumina data to the FASTA format for analysis using the open source program Quantitative Insights Into Microbial Ecology (QIIME) [25] for taxonomic assignment and measurements of microbial diversity as previously described [24] . The resulting table of operational taxonomic units (OTUs) was filtered to remove any sequences that appeared less than 100 times.
Tuf Gene Analysis
The tuf gene encoding elongation factor Tu was amplified with the tuf forward primer: (5'-CCAATGCCACAAACTCGT-3') and the tuf reverse primer (5'-CCTGAACCAACAGTACGT-3') [26] 
Results
Gram Stains of Suspensions from Fecal Pellets from Control Mice and Antibiotic-Treated Mice
Initial experiments were performed on the effect of diet on the intestinal microbiome, and casein-containing Open Source chow (Research Diets Inc., New Brunswick, New Jersey) was being used as a food source. Fecal pellets from both control and antibiotic-treated mice that were fed Open Source chow were col- 
Quantitative Flow Cytometry from Antibiotic-Treated and Control Mice
Quantitative cell counts were performed on suspensions of fecal bacteria by flow cytometry ( Figure 2 ). As was observed on the Gram stains, the control mice had a diverse population of bacteria as determined by forward scatter, while the antibiotic-treated mice had a homogeneous population. Ten samples from each group were analyzed, and an approximate 1-log 10 reduction in the concentration of bacteria was found in the antibiotic-treated samples when compared to the control samples. By qPCR for 16S gene copy number, an approximately 3-log10 reduction was observed in samples from antibiotic-treated mice compared to controls, confirming previously published data [12] , and raising the possibility that the material identified as "bacteria" by flow cytometry and Gram stain was debris. To confirm that the Gram stain and flow cytometric assays were detecting bacteria, samples were stained with dual fluorescent stains for DNA and peptidoglycan ( Figure 3 ) and examined using confocal microscopy. Results indicate that the putative bacteria contain nucleic acid and peptidoglycan. Figure 3 . Fluorescence microscopy of fecal suspensions stained for bacterial identification using stains specific for nucleic acid (left) and peptidoglycan (right). Photos are taken at 630×. 
Control Antibiotic
V3 16S
Bacterial Culture
Numerous attempts at culturing the cocci that were observed by Gram stain in the antibiotic-treated samples yielded predominantly yeast ( Figure 5 ), which was confirmed by microscopic examination of wet mount preparations of isolated colonies. Upon closer examination, there were also scant pinpoint colonies.
These colonies were isolated and sub-cultured on blood agar plates, yielding alpha-hemolytic colonies ( Figure 5 ). From these colonies, DNA was extracted and the entire 16S rRNA gene was PCR-amplified and sequenced. Sequence analysis identified the alpha-hemolytic colonies as Enterococcus casseliflavus, not Lactococcus. Additional molecular analyses were carried out to resolve why strong Lactococcus genetic signatures were detected, but the only cultivated Grampositive cocci were identified as Enterococcus.
Cloning and Sequencing of Tuf Gene
Sequence variation in the tuf gene, a prokaryotic elongation factor, has been previously used to differentiate species of Gram-positive cocci [26] . Therefore, 
Nucleic Acid Peptidoglycan
Analysis of Chow
To identify the source of the noncultivatable Lactococcus, a sample of the Open 
Sequence Analysis on Fecal Suspensions from Antibiotic-Treated Mice Fed Teklad Chow
Ten additional C57BL/6 mice were fed 2018 Teklad Global 18% Protein Rodent Diet chow and treated (or not) with antibiotics. DNA extracted from fecal pellets from both antibiotic-treated and control mice were amplified using V3 16S rRNA primers and sequenced using an Illumina MiSeq. The different source of chow resulted in the appearance of Proteobacteria (Enterobacteriaceae) that dominated the bacterial microbiome ( Figure 10 ). Analysis of normalized data using Metastats [27] identified a statistically significant difference in levels of Proteobacteria (p < 0.01), and analysis of Shannon indices confirmed a 
Discussion
This project was undertaken to examine the role of diet in affecting the intestinal microbiome; particularly in the context of antibiotic-induced perturbations in an intestinal ecosystem. The goal was to add quantitative analysis to previously reported studies that relied on culture methods or qPCR in studies of the microbiome. The present experiments, and results previously published by Dollive et al. [12] indicated that by qPCR, antibiotic treatment using this regimen reduced the total fecal bacterial counts by >3 orders of magnitude, whereas yeast greatly outnumbered bacteria. However, quantitative flow cytometry revealed an average of a 1-log 10 decrease in bacteria in the fecal samples from antibiotic-treated mice when compared to the control fecal samples. Initially we hypothesized that this disparity was due to variation in the number of 16S rRNA gene copies in bacteria in the altered microbiome; the number of copies can vary from 1 to 15 [28] . Thus, if remaining bacteria have a disproportionately low copy number of 16S gene, then this could partially account for the discrepancy. This hypothesis was rejected because it failed to adequately account for the 2-log 10 discrepancy in the quantitative results. Alternative explanations included: 1) the organism was Archaea that resembled bacteria morphologically but had ribosomal RNA-encoding genes that were not amplified with V3-specific primers; 2) material identified as a microorganism by flow cytometer and Gram stain was actually debris;
3) the Gram-positive organism was dead.
The idea that the organism could be Archaea was provocative since Methanobrevibacter smithii is known to colonize the human gut [29] . Very low signals Figure 11 . Flow cytometric analysis of fecal suspensions from control and antibiotic-treated mice fed Teklad Global chow. A heterogeneous population of cells is displayed in the control sample (top left quadrant of Control), when compared to the antibiotic-treated sample (right panel Teklad). Of note, most of the cells counted in the antibiotic-treated sample in the top left quadrant of the samples from antibiotic-treated mice appear to be debris. Boxed region represents counting beads that were added to the sample for quantitation.
for Archaea were detected in samples from antibiotic-treated mice but not control mice when amplified with universal primers specific for the V4 region of the 16S gene, which should have amplified archaeal DNA. However, PCR analysis of the fecal suspensions of the antibiotic-treated mice failed to amplify with Archaeaspecific primers. The microorganisms were bacterial inasmuch as they stained with stains for DNA and peptidoglycan.
Sequence analysis of the V3 region of the 16S rRNA gene indicated that the fecal microbiome in antibiotic-treated mice was dominated by Lactococcus and the presence of Lactococcus was confirmed by PCR amplification of fecal DNA with Lactococcus specific primers and sequencing of the tuf gene. Since the rodent chow was heavily laden with nonliving Lactococcus, it is apparent that the chow was the source of this bacterial signal. This is the same conclusion reached by Dollive et al. [12] , however that study reported a bacterial load of 5 × 10 antibiotic-treated mice confirms a finding from Hill et al. [19] .
Yeast were observed in Gram stains of every antibiotic-treated mouse fed Open Source diet, confirming the previous study of Dollive et al. Interestingly, although yeast (and low levels of Enterococcus casseliflavis) was consistently detectable in feces from antibiotic-treated mice fed Open Source chow, there was no yeast recovered from the feces of the antibiotic-treated mice that were fed the Teklad Global show, even after 10 weeks of antibiotic treatment. In addition to casein, Open Source chow consists of 35% sucrose. Sucrose has been shown to enhance growth and biofilm formation by Candida albicans [30] [31] , and enhance resistance to apolactoferrin [32] . These factors likely promoted the outgrowth of Candida seen here and previously [12] [29] . In the mice that were fed solely the Open Source chow, we speculate that the additional sucrose supported the growth of Candida, which out-competed antibiotic-resistant bacteria from colonizing the intestine. We further speculate that the ecologic environment in the intestines from mice fed the Teklad Global chow provided antibiotic resistant bacteria the opportunity to colonize and flourish to out-compete the yeast once the Open Source chow was introduced. The Teklad chow is plant-based, and it is possible that components of the chow (such as plant-derived fatty acids) inhibit the growth of yeast. These hypotheses are testable and such work is ongoing.
Conclusion
Our results demonstrate that ingestion of chow laden with nonviable Lactococcus is capable of passage through the intestinal tract and appears as the domi- 
